Abstract. Fertilizers with a high proportion of nitrogen (N) in the nitrate (NO 3 -) form are used in the ornamental industry to promote compactness in plants. Although the common belief is that it is the high proportion of NO 3 -that causes compactness, these formulations also contain no or a low level of phosphate, which can also cause compactness. This study was conducted to assess the relative effects of NO 3 -to ammonium (NH 4 + ) ratio and phosphate supply, as found in high NO 3 -fertilizers, on seedling shoot growth. A series of fertilizers was formulated in which the level of phosphate and proportion of N in the NO 3 -form were varied factorially. Additionally, commercial fertilizers varying in these same two nutrient components were tested to verify the results obtained using the formulated fertilizers. Test plants included gomphrena (Gomphrena globosa L.), impatiens (Impatiens wallerana Hook. F.), petunia (Petunia ·hybrida Juss.), marigold (Tagetes erecta L.), and tomato (Solanum esculentum Mill.) grown as plug seedling crops. A strong inverse relationship occurred between the supply of phosphate and extent of compactness. The relationship between proportion of N in the NO 3 -form and compactness was comparatively small. In most comparisons within the study, shoot size increased with increasing proportion of NO 3 -, contrary to common belief. These data indicate that it is the limited phosphate level in high NO 3 -fertilizers that accounts for compactness rather than the high proportion of N in the NO 3 -form.
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Many ornamental greenhouse crops are grown under some form of stress or growth regulation that limits the full potential for their shoot volume production. This is universally true for young plants produced in plug seedling trays and bedding plant flats where limited horizontal space tends to increase vertical growth. Commercial methods of shoot control have included restricted watering (Schnelle et al., 1993) , low fertility, which mainly translates into N stress (Styer and Koranski, 1997) , temperature manipulation (Berghage and Heins, 1991) , and chemical growth retardants (Gaston et al., 2001; Tayama et al., 1992) . The respective problems associated with these procedures in the order just presented are desiccation of tissue and possible leaf abscission, chlorotic foliage, and high cost of growth regulators and their very limited registration for use on vegetable seedlings.
In addition to the four forms of shoot control, greenhouse production managers often use the form of N to control shoot size (Styer and Koranski, 1997) . The belief is that fertilizers with high proportions of NO 3 -produce compact shoots (smaller leaves and shorter internodes), whereas those with high proportions of NH 4 + yield large shoots. This is achieved by using high NO -fertilizers typically contain little or no phosphate, we hypothesized that it is a low phosphorus (P) stress brought on by using these fertilizers that accounts for suppression of shoot growth rather than their high proportion of NO 3 -. Plant species vary greatly in their response to NO 3 -and NH 4 + (Haynes and Goh, 1978) . There are reports of 100% NO 3 -limiting plant growth in some species, including Ageratum houstonianum Mill. (Jeong and Lee, 1992) , carnation (Dianthus caryophyllus L.) (Green et al., 1973) , and wheat (Triticum aestivum L.) (Cox and Reisenauer, 1973) . In contrast, most species grow better with mixtures of NH 4 + and NO 3 -, with up to 50% of N in the NH 4 + form (Gaffney et al., 1982; Jeong and Lee, 1992; Schrock and Goldsberry, 1982) . Minimal effect of the NO 3 -to NH 4 + ratio on plant shoot growth had been observed on Impatiens wallerana Hook F. (Argo and Biernbaum, 1997) and Lobelia erinus L. 'Cobalt' (Jeong and Lee, 1992) . These variable results could be the result of an unchecked impact of the fertilizer NH 4 + :NO 3 -ratio on root substrate pH and subsequent effects on nutrient availability.
Bedding plant growth can also be controlled by limiting the supply of phosphate in root media (Gibson et al., 2007; Huang and Nelson, 1994 ). Plants receiving a low level of phosphate resulted in compact shoots. It was found that growth inhibition by P deficiency is selective, affecting shoots much more than roots for many species, resulting in an often-desirable higher root-to-shoot ratio (Goldstein et al., 1988; Huang and Nelson, 1994; Loneragan and Asher, 1967; Trull et al., 1997) .
The objective of this study was to assess the relative effects of NO 3 -to NH 4 + ratio and phosphate supply, as found in high NO 3 -fertilizers, on vegetable and bedding plant seedling shoot growth.
Materials and Methods
Treatments and cultural practices. Two experiments were conducted in glass greenhouses in Raleigh, NC, at 35°north latitude. The 15 fertilizer treatments established in the first experiment can be separated into four groups (Table 1 ). The phosphate series at low NO 3 -(Treatments 1, 2, 3, and 4) all contained 60% of total N as NO 3 -but varied in phosphate-P levels where the equivalent elemental P levels were 0%, 3.3%, 6.6%, and 21.8% of N, respectively. The phosphate series at high NO 3 -(Treatments 5, 6, 7, and 8) contained 100% of total N as NO 3 -with the same phosphate-P levels as Treatments 1, 2, 3, and 4, respectively.
The NO 3 -series at high phosphate (Treatments 4, 9, 10, and 8) contained the highest phosphate-P levels (21.8% of N) but varied in NO 3 -levels (60%, 87%, 93%, and 100% of total N, respectively). We self-formulated the non-commercial fertilizers to avoid unknown proprietary contents and NH 4 + that are present in some calcium nitrate sources.
The commercial fertilizer series (Treatments 11 to 15) included five high NO 3 -fertilizers (80% to 92% of N as NO 3 -) from Masterblend International (Elwood, IL). Treatments 11 to 13 contained no phosphate, and Treatments 14 and 15 contained phosphate-P levels of 6.9% and 21.8% of N, respectively. Potassium was 83% of N level in all 15 treatments. Test plants included gomphrena (Gomphrena globosa 'Gnome Purple') and tomato (Solanum esculentum 'Better Boy').
A second experiment was conducted to assess reproducibility of the first for gomphrena and to extend the test plant crops to impatiens (Impatiens wallerana 'Super Elfin White'), petunia (Petunia ·hybrida 'Madness White'), and marigold (Tagetes erecta 'Antigua Yellow'). Nine treatments were incorporated from the phosphate series at low NO 3 -(Treatments 1 to 4), NO 3 -series at high phosphate (Treatments 4, 8, and 9), and commercial fertilizer series as described for the first experiment (Table 1 ). The commercial fertilizer group only included Treatments 12 and 15.
In both experiments, seed were sown in 288-cell plug trays in a 3 sphagnum peatmoss:1 perlite substrate (v/v) amended with dolomitic limestone and Micromax micronutrient mix (The Scotts Company, Marysville, OH) at 3 and 0.45 gÁL -1 , respectively. Seeds were sown on 10 Oct. and 14 Dec. for Expts.
1 and 2, respectively. After seeds were sown, trays were placed in a dark germination chamber at constant 24°C. When radicles emerged and hooked downward (end of Stage 1), plug trays were removed from the chamber and placed on a greenhouse bench. For a 10-d period beginning at cotyledon separation, seedlings were fertilized with 20N-4.4P-16.6K commercial fertilizer at 50 mgÁL -1 N. At that point, nutrient treatments were initiated and continued until the normal end of plug seedling production, 34 and 37 d in Expts. 1 and 2, All treatments were applied at 100 mgÁL -1 N and 83 mgÁL -1 K. y Nitrate and P levels in the fertilizer solutions were expressed as a percentage of the total N in the solution.
x The 15-3.3-12.5 treatment was the 15-0-12.5 commercial fertilizer amended with Ca(H 2 PO 4 ) 2 to provide phosphate while maintaining the N to K ratio. N = nitrogen; P = phosphorus; K = potassium. -proportions of total N on the height; also (C) P levels expressed as a percentage of total N at two NO 3 -proportions of total N and (D) NO 4 -proportions of total N on the dry weight of seedling shoots of tomato and gomphrena at the end of plug stage 3 in Expt. 1. Vertical bars represent SE (n = 3).
respectively. All fertilizer treatments were applied at 100 mgÁL -1 N. Data collection. At the end of each experiment, substrates were sampled 1 h after fertilization. Substrate samples were squeezed by hand through one layer of cheesecloth. ; Chapman and Pratt, 1961) on a Model Lambda 3 ultraviolet/VIS spectrophotometer (Perkin and Elmer, Norwalk, CT). Potassium (K), calcium (Ca), and magnesium (Mg) analysis was performed using an atomic absorption spectrometer Analyst 100 (Perkin-Elmer, Norwalk, CT).
Plants were harvested at the end of each experiment for shoot height and dry mass measurements. Fifty shoots from each plot were washed in 0.2 N HCl for 30 s, rinsed in deionized water, dried at 70°C, weighed, and ground to 1-mm particle size in a stainless steel Wiley Laboratory Mill Model 4 (Thomas Scientific, Philadelphia, PA) for tissue analysis. Total N was analyzed using a Kjeldahl procedure (Fleck and Davidson, 1974) . Ground tissue was dry-ashed at 500°C, dehydrated in HCl, and dissolved in 0.5 N HCl. Tissue P, K, Ca, and Mg were measured by the same procedures used for substrate solution analyses.
Experimental design and statistical analysis. In Expt. 1, the phosphate series at both low and high NO 3 -(Treatments 1 to 8) were analyzed together as a two-factor factorial with two NO 3 -levels and four phosphate levels arranged in three blocks for a total of eight treatment combinations (24 experimental units). The NO 3 -series at high phosphate (Treatments 4, 8, 9, and 10) were analyzed separately with four treatments arranged in three blocks (12 experimental units). The commercial series (Treatments 11 to 15) with the addition of Treatment 4 were also analyzed separately with six treatments arranged in three blocks (18 experimental units).
In Expt. 2, the phosphate series at the low NO 3 -level (Treatments 1 to 4) were analyzed separately with four treatments arranged in three blocks (12 experimental units). The NO 3 -series at high phosphate (Treatments 4, 8, 9, and 10) were analyzed separately with four treatments arranged in three blocks (12 experimental units). The commercial series (Treatments 10 and 13) with the addition of Treatment 4 were also analyzed separately with three treatments arranged in three blocks (nine experimental units).
Data were analyzed using SAS 9.1 (SAS Inst., Cary, NC) with analysis of variance (ANOVA) by PROC ANOVA and means separation by least significant difference where appropriate. Shoot height and dry weight values were regressed against shoot tissue P concentration using SAS's PROC GLM to obtain the best-fit linear vs. quadratic model for each species. Terms of the model to include were determined using a = 0.05.
Results and Discussion
Formulated fertilizer series. In Expt. 1, results from the ANOVA indicated that tomato height was affected only by main treatment effects of phosphate-P fertilization and N form. Tomato shoot dry weight as well as height and dry weight of gomphrena were significantly affected by phosphate-P fertilization, N form, and their interaction.
When N was supplied in Expt.1 with either 60% or 100% in the NO 3 -form to tomato, and 100% in the NO 3 -form to gomphrena, height increased with each increase in treatment phosphate level (Fig. 1A) . With 60% of N in the NO 3 -form, gomphrena height increased with increased phosphate-P up to 6.6% of the total N level and remained at that level with 21.8%. Height of tomato and gomphrena was either equal or greater in treatments that supplied N as 100% NO 3 -compared with 60% NO 3 -. In Figure 1B , phosphate-P was supplied at 21.8% of the N level, whereas the percentage of N in the NO 3 -form increased from 60% to 100%. As the NO 3 -proportion increased, height increased in tomato and gomphrena. However, the effect of increasing the proportion of NO 3 -on height was much smaller than the effect of raising phosphate.
A large increase in shoot dry weight of tomato and gomphrena occurred when phosphate-P was supplied at a rate equal to 3.3% All treatments were applied at 100 mgÁL -1 N and 83 mgÁL -1 K. y Nitrate and P levels in the fertilizer solutions were expressed as a percentage of the total N in the solution. x The 15-3.3-12.5 treatment was the 15-0-12.5 commercial fertilizer amended with Ca(H 2 PO 4 ) 2 to provide phosphate while maintaining the N to K ratio. w The 20-4.4-16.6 treatment was not a commercial fertilizer but was included to compare the commercial fertilizers with high NO 3 -levels (80% to 92% of total N) to a fertilizer with relatively low NO 3 -levels (60% of total N). N = nitrogen; P = phosphorus; K = potassium; LSD = least significant difference. of the N level compared with zero phosphate-P in both the 60% and 100% NO 3 -series (Fig.  1C) . Further increases of phosphate did not result in taller plants. At all phosphate levels, the increase from 60% to 100% of N in the NO 3 -form resulted in increased dry weight. In the treatments in which NO 3 -form of N was increased from 60% to 100% of N, whereas phosphate-P was held constant at 21.8% of N (Fig. 1D) , dry weight of tomato and gomphrena increased with increasing proportion of NO 3 -. In the Expt. 2 phosphate series at low NO 3 -( Fig. 2A) , height increased in gomphrena, impatiens, and petunia with each increase in phosphate and increased in marigold with each phosphate-P increase up to 6.6% phosphate-P above which it remained constant. In the NO 3 -series at high phosphate-P (Fig. 2B) , increased NO 3 -proportion resulted in increased height in marigold, had little effect in gomphrena and petunia, and showed a decrease in impatiens. Again, the phosphate effect was much greater than the NO 3 -effect. Dry weight response in Expt. 2 largely followed height in the phosphate series at low NO 3 - (Fig. 2C) , increasing in all four species with increasing phosphate. When phosphate-P was held constant at 21.8% of the fertilizer N level and the proportion of N in the NO 3 -form was increased from 60% to 100% (Fig. 2D) , there was a small increase in dry weight in marigold and impatiens and no net effect in gomphrena and petunia. Like in the first experiment, the effect of NO 3 -proportion on height and dry weight was very small compared with the effect of phosphate level.
Commercial fertilizer series. Within the commercial series of fertilizers in Expt. 1 (Table 2) , Treatments 11, 12, and 13 contained no phosphate-P; however, the proportion of N in the NO 3 -form increased in the order of the treatment number. Height and dry weight of tomato and gomphrena increased with increasing proportion of NO 3 -. Phosphate was supplied in Treatments 14 and 15 and these resulted in large increases in height and dry weight in both species compared with the treatments without phosphate.
When phosphate was added to Treatment 12 in Expts. 1 and 2 (Tables 2 and 3 , respectively) to raise the phosphate-P level from zero to 21.8% of the N level (Treatment 15), large increases in height and dry weight occurred in all five species tested. In both experiments, the larger heights and dry weights resulting from phosphate addition in Treatment 15 were closer to those in Treatment 4 (a 20N-10P 2 O 5 -20K 2 O fertilizer with 60% of N in the NO 3 -form and phosphate-P at 21.8% of N) than to those in Treatment 12 (without phosphate-P). This further indicated that height and dry weight suppression in Treatment 12 was controlled by low phosphate rather than high NO 3 -proportion. Correlation of tissue phosphorus level with growth. Expts. 1 and 2 shoot heights (Figs. 3A and 3C, respectively) and dry weights (Figs. 3B and 3D, respectively) for all treatments within each experiment were plotted against their associated shoot tissue P concentrations. Both variables were found to increase with increasing tissue P concentrations greatly above the minimum critical tissue P levels of 0.25% to 0.30% of dry weight reported for general floral crops during mid-to late stages of production (Dole and Wilkins, 2004; Mills and Jones, 1996) . Tomato height and dry weight were maximum in Expt. 1 at tissue P concentrations of %0.7% and 0.6%, respectively. Height and dry weight of gomphrena were maximized at approximate tissue P concentrations between 0.7% and 0.8% in Expt. 1 and 0.8% and 0.9% in Expt. 2. In Expt. 2, maximum height and dry weights of marigold, petunia, and impatiens occurred in the tissue P ranges of 0.7% to 0.8%, 0.8% to 1.1%, and 1.0% to 1.3%, respectively. Clearly, the minimum critical tissue P concentrations for these young bedding plants, based on maximum growth, are in the range of 0.6% to 1.3% and sometimes higher.
Typically, a broad luxury consumption plateau exists for P tissue concentrations above the minimum critical level. In this plateau, growth does not change with rising tissue P concentrations. If a luxury consumption plateau exists for tissue P concentrations in these young bedding plants, it is above 0.6% to 1.3%. Thus, tissue P concentrations that do not promote increased growth for many other floral crops with a low minimum critical level will All treatments were applied at 100 mgÁL -1 N and 83 mgÁL -1 K. y Nitrate and P levels in the fertilizer solutions were expressed as a percentage of the total N in the solution.
x The 15-3.3-12.5 treatment was the 15-0-12.5 commercial fertilizer amended with Ca(H 2 PO 4 ) 2 to provide phosphate while maintaining the N to K ratio. w The 20-4.4-16.6 treatment was not a commercial fertilizer but was included to compare the commercial fertilizers with high NO 3 -levels (87% of total N) to a fertilizer with relatively low NO 3 -levels (60% of total N). N = nitrogen; P = phosphorus; K = potassium; LSD = least significant difference. stimulate increased growth for young plants. This relationship of tissue P to growth is very important for commercial growers of plug seedlings and bedding plants because they need to produce compact plants. This can be accomplished by maintaining tissue P concentrations that are below the minimum critical levels and in the zone of moderate P deficiency.
Conclusions
These data support the commonly held industry concept that shoot height can be suppressed by applying high NO 3 -fertilizers. At the same time, they refute the industry explanation for this phenomenon, i.e., that it is the proportion of NO 3 -to NH 4 + that controls height. High NO 3 -fertilizers are either devoid or low in phosphate. This study demonstrated that the low phosphate level in these fertilizers strongly induced compactness, whereas the higher proportions of N in the NO 3 -form had a comparatively weak effect on compactness. In most cases in this study, increased proportion of NO 3 -caused the reverse effect, i.e., increased plant size.
